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ABSTRACT
How did the dwarf galaxy population of present-day galaxy clusters form and grow over time?
We address this question by analysing the history of dark matter subhaloes in the Millennium-
II cosmological simulation. A semi-analytic model serves as the link to observations. We
argue that a reasonable analogue to early morphological types or red-sequence dwarf galax-
ies are those subhaloes that experienced strong mass loss, or alternatively those that have
spent a long time in massive haloes. This approach reproduces well the observed morphology-
distance relation of dwarf galaxies in the Virgo and Coma clusters, and thus provides insight
into their history. Over their lifetime, present-day late types have experienced an amount of
environmental influence similar to what the progenitors of dwarf ellipticals had already ex-
perienced at redshifts above two. Therefore, dwarf ellipticals are more likely to be a result of
early and continuous environmental influence in group- and cluster-size haloes, rather than a
recent transformation product. The observed morphological sequences of late-type and early-
type galaxies have developed in parallel, not consecutively. Consequently, the characteristics
of today’s late-type galaxies are not necessarily representative for the progenitors of today’s
dwarf ellipticals. Studies aiming to reproduce the present-day dwarf population thus need to
start at early epochs, model the influence of various environments, and also take into account
the evolution of the environments themselves.
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1 INTRODUCTION
The filamentary large-scale distribution of galaxies (Gott et al.
2005) implies that any given galaxy cluster is connected to a
number of surrounding environments with different characteristics.
These connections evolve with time: galaxies and galaxy groups
get accreted, contributing to the growth of cluster and supercluster
environments (Springel et al. 2005; Klypin et al. 2011). As a conse-
quence of this “cosmic web” and its inhomogeneous density distri-
bution on megaparsec scales, observed galaxy properties at low red-
shift depend not only on the local environment – their current group
or cluster (e.g. Gavazzi et al. 2010) – but also on the surround-
ing larger environment (Mahajan et al. 2011, 2012; Lietzen et al.
2012).
To investigate the influence of environment on galax-
ies, dwarf galaxies serve as ideal tracers. Their abundance
is large (Trentham & Tully 2002), and their shallow potential
(de Blok et al. 2008) makes them susceptible to external processes,
namely gravitational forces and ram pressure (Gnedin 2003b;
⋆ E-mail: TL@x-astro.net
Mayer et al. 2006). However, observations can merely provide a
present-day snapshot of different dwarf galaxy populations that
have evolved in parallel, not a sequence of their past evolution. We
therefore utilise cosmological simulations and models to gain in-
sight into the history of dwarf galaxy populations within a ΛCDM
framework. Our focus lies on present-day massive galaxy clusters,
which are the largest and probably best studied environments of the
nearby universe beyond the Local Group (see, e.g., Boselli et al.
2011 and Ferrarese et al. 2012).
Observations of dwarf galaxies in nearby clusters have
become increasingly refined (Adami et al. 2005; Ferrarese et al.
2006; McDonald et al. 2009; Penny et al. 2009; Hammer et al.
2010; Lieder et al. 2012; Rys´ et al. 2012; Smith et al. 2012c), and
have been complemented by dedicated simulations and mod-
els (Moore et al. 1999; Bru¨ggen & De Lucia 2008; Boselli et al.
2008b; Aguerri & Gonza´lez-Garcı´a 2009; De Rijcke et al. 2010;
Smith et al. 2010; Schroyen et al. 2011; Smith et al. 2012b). How-
ever, ΛCDM N-body simulations of cosmological volumes have
only recently reached the regime of dwarf galaxies in their mass
resolution (Boylan-Kolchin et al. 2009; Klypin et al. 2011). The
large dynamic range between a dwarf galaxy and its host cluster
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makes cosmological hydrodynamical simulations of their evolution
difficult. A viable alternative is provided by semi-analytic models
applied to merger trees of N-body simulations. While such mod-
els have contributed to increase our understanding of higher mass
galaxies, they have not been exploited much in the study of clus-
ter dwarf galaxies until recently (Peng et al. 2008; De Lucia et al.
2012b), paralleling a larger number of studies for Milky Way sized
haloes (e.g. Maccio` et al. 2010, Font et al. 2011, and Helmi et al.
2012). The first semi-analytic model based on the Millennium-II
simulation (Boylan-Kolchin et al. 2009) was released by Guo et al.
(2011). It was tuned to reproduce the redshift-zero stellar mass
function down to log(M⋆/M⊙) ∼ 7.5 and the luminosity func-
tion down to Mr = −15mag. In this series of papers, we use the
model of Guo et al. (2011) in combination with observational data
for nearby galaxy clusters to investigate the properties of their faint,
low-mass galaxy population.
Of particular interest are early-type dwarf galaxies, as they
are the dominant galaxy population by number in massive galaxy
clusters (Jerjen & Tammann 1997). Their origin is still not fully
understood, for several reasons. First, it is still debated whether or
not their basic scaling relations are a mere continuation of those
of bright early types or are distinct from them (Jerjen & Binggeli
1997; Graham & Guzma´n 2003; Coˆte´ et al. 2007; Janz & Lisker
2008; Chilingarian 2009; Janz & Lisker 2009; Kormendy et al.
2009; Glass et al. 2011; Graham 2011; Kormendy & Bender 2012).
Second, despite their similar overall characteristics in different
environments (De Rijcke et al. 2009), an increasing number of
studies has shown a pronounced complexity in the structure,
internal dynamics, and stellar populations of early-type dwarf
galaxies, revising the picture of a simple galaxy population
(Binggeli & Cameron 1991; Geha et al. 2003; Michielsen et al.
2008; Tully & Trentham 2008; Lisker et al. 2009; Toloba et al.
2011; Koleva et al. 2011; Paudel et al. 2011; Janz et al. 2012).
Third, due to their low luminosity, mostly faint surface bright-
ness, and small size, studies of dwarf galaxy populations are
mainly restricted to the nearby universe (or at least to low redshift,
Barazza et al. 2009), thus not probing a large range of lookback
time. Fourth, it needs to be appreciated that the regime of poten-
tial late-type progenitors of early-type dwarfs is also very diverse,
ranging from thin late-type spiral galaxies with small or no bulge
(e.g. Kautsch et al. 2006), over blue compact dwarf galaxies with
starburst activity (e.g. Papaderos et al. 1996), to diffuse irregulars
with low-level star formation (e.g. van Zee 2001). All of these types
coexist in the luminosity range of about 108 to 5 · 109 L⊙ (e.g.
Sandage & Binggeli 1984), which roughly corresponds to an abso-
lute magnitude range of −15 < Mr < −19mag. Fifth, late-type
galaxies that we see today are those that have not been transformed
to early types, and may thus be only partly representative for the ac-
tual progenitor population of early types (e.g. Boselli et al. 2008a).
The last point provides one of the main motivations for the
current study. A number of environmental transformation processes
have been investigated, whose combined effect may lead from ro-
tating, gas-rich, star-forming low-mass galaxies to dynamically hot,
gas-poor, quiescent ones (Moore et al. 1996; Mori & Burkert 2000;
van Zee et al. 2004a; von der Linden et al. 2010). Yet at which
epochs do these have to operate, in order to reproduce the real
present-day early-type dwarf population? What were the ’input
galaxies’ like at those epochs, and what were the characteristics
of the environment they entered? To what extent can a galaxy’s lo-
cation at present tell us about the strength and duration of the envi-
ronmental influence it experienced in the past? These questions set
a basic framework – within a ΛCDM universe – for understanding
the origin of the dwarf galaxy population that we observe today.
In Weinmann et al. (2011, hereafter Paper I) we found that the
dwarf galaxy abundances, velocity dispersions, and number density
profiles observed in nearby massive clusters are generally well re-
produced in the Millennium-II simulation and the Guo et al. (2011)
semi-analytic model. However, the comparatively low number of
faint galaxies in the Virgo cluster center, within 300 kpc around
the central galaxy M 87, is not reproduced in any model cluster.
The model may underestimate tidal disruption for faint galaxies,
since the dwarf-to-giant ratio – defined in terms of luminosity –
is systematically higher in the model than in the observed nearby
clusters. We also found indications that the model probably overes-
timates environmental effects that lead to star formation quenching
in galaxy groups.
In the study presented here, we focus on the mass loss and in-
fall history of subhaloes in the massive clusters of the Millennium-
II simulation. Semi-analytic model quantities are used mainly for
selecting subhalo samples by galaxy magnitude, and for track-
ing galaxies with tidally stripped subhaloes. As in Paper I and
in Guo et al. (2011), we use a WMAP1 cosmology (Spergel et al.
2003) and assume h = 0.73 throughout.
The paper is organised as follows. Section 2 characterises
the observational galaxy samples. The dark matter simulation and
semi-analytic model are described in Section 3. Our analysis is pre-
sented in Section 4, including the comparison between simulated
subhalo populations and observed galaxy populations. This is fol-
lowed by a discussion in Section 5 and by our conclusions in Sec-
tion 6.
2 OBSERVATIONAL SAMPLES
Details of our Virgo, Coma, and Perseus cluster samples are pro-
vided in Paper I. Here we briefly describe the sample selection and
characteristics. All samples are limited to “dwarf” magnitudes by
requiring the r-band absolute magnitude to be Mr > −19.0mag.
At the faint end, magnitude completeness limits were chosen to
avoid losing galaxies with very low surface brightness. As outlined
in Paper I, very compact galaxies may be missed in the Coma and
Perseus cluster samples, but are not expected to contribute more
than a few percent to the population. All photometric values were
corrected for Galactic extinction (Schlegel et al. 1998).
2.1 Virgo Cluster
Our Virgo sample is based on all certain and possible members
listed in the Virgo Cluster Catalog (VCC, Binggeli et al. 1985,
1993), with membership updated by one of us (TL) in May 2008
through new velocities given by the NASA/IPAC Extragalactic
Database (NED), many of which were provided by the Sloan Dig-
ital Sky Survey (SDSS, Adelman-McCarthy et al. 2007). We ex-
clude galaxies that are likely members of the so-called M and
W clouds, located at a distance of 32 Mpc (Gavazzi et al. 1999)
in the western part of Virgo. Following Gavazzi et al., galaxies
in the projected region of these clouds and with a velocity vLG
relative to the Local Group larger than 1900 km/s (with vLG =
vheliocen.+220 km/s) are assumed to belong to the clouds, and are
therefore excluded from our sample. Note that this had not been
done in Paper I, but only affects 34 of over 500 objects. Galax-
ies for which no velocities are available remain in our sample.
We use a distance modulus of m − M = 31.09mag (Mei et al.
c© 2013 RAS, MNRAS 000, 1–17
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2007; Blakeslee et al. 2009) for all sample galaxies, corresponding
to d = 16.5Mpc. With the adopted WMAP1 cosmology, this leads
to a spatial scale of 79 pc/′′ or 0.286Mpc/◦.
Total r-band magnitudes and colours from ugriz-bands
were measured by Lisker et al. (2007), Janz & Lisker (2009),
and Meyer et al. (2013) on SDSS images from data release 5
(Adelman-McCarthy et al. 2007). This included a proper sky sub-
traction method (described in Lisker et al. 2007) that avoids the se-
rious overestimation of the sky by the SDSS pipeline for nearby
galaxies of large apparent size. For a small fraction of the sam-
ple, r-magnitudes were obtained by transforming the VCC B-
magnitudes (see the appendix of Paper I). The r-band completeness
limit was estimated to be Mr < −15.2mag, which we adopt as the
limit for our sample selection.
Our final working sample contains 521 galaxies, of which 442
have spectroscopic heliocentric velocities. The sample is nearly
complete out to a projected clustercentric distance of 1.5Mpc from
the central galaxy M 87 – comprising 404 galaxies – but includes
galaxies up to 3Mpc.1
To compute the red galaxy fraction, we split galaxies using the
g − r colour cut from Paper I:
(g − r)cut = 0.4− 0.03 · (13 +Mr) (1)
This cut was chosen blueward of the bulk of galaxies that populate
the red sequence.
2.2 Coma Cluster
Our Coma cluster sample is based on the SDSS data release
7 (Abazajian et al. 2009). Total r-band magnitudes and ugriz-
colours are extracted from the SDSS as Petrosian magnitudes. For
all galaxies we use a distance modulus of m − M = 35.00mag
(Carter et al. 2008), corresponding to d = 100.0Mpc. We initially
include all galaxies with −19.0 < Mr < −16.7mag (see Paper I)
and out to a projected distance of 4.2Mpc from the cluster cen-
ter, which is defined as midway between the two massive central
ellipticals NGC 4874 and NGC 4889.
Objects for which SDSS redshifts are available with a redshift
confidence of 95% or higher are considered as members if they
lie in the range 4000 6 cz 6 10 000 km/s. The SDSS spectro-
scopic coverage reaches only to Mr
∼
< −17.3mag. Those poten-
tial member galaxies for which the SDSS does not provide spectro-
scopic redshifts of acceptable quality were visually inspected to ex-
clude contaminants (stars, parts of galaxies, and objects artificially
brightened by a star’s halo or a bright galaxy). The total number
of objects is 1662, with 481 of them having reliable spectroscopic
redshifts.
We then correct the sample statistically for the number of con-
taminating background galaxies. This is based on a radial number
density profile (Appendix A3 of Paper I), which we inspect visually
to adopt the value where the profile flattens out as our background
value. We verify that this approach works reasonably well by com-
paring our selection to the galaxy catalogue of Michard & Andreon
(2008) for the Coma cluster center (see Paper I for a discussion).
To estimate the red galaxy fraction, which will be used in Sec-
tion 4.3, we first apply a k-correction (Chilingarian et al. 2010)
1 In Paper I, we mistakenly stated that a restriction to < 1.5Mpc
would exclude the M 49 subcluster, while most of it is actually included
(Binggeli et al. 1987). However, none of the results from Paper I would
have changed significantly if this subcluster would have been excluded.
to the g − r colours of all galaxies, assuming their redshift is
z = 0.023. The median k-correction is 0.036 mag. Then we
background-correct red galaxies as described above, using the
colour cut of eq. 1.
2.3 Perseus Cluster
Our Perseus sample is constructed in a similar way as the Coma
sample, based on the SDSS data release 7 and using a statistical
correction for background galaxies. SDSS spectroscopic redshifts
are not available in this region. We use a distance modulus of m−
M = 34.29mag for all galaxies, corresponding to a ”Hubble flow
distance” of d = 72.3Mpc that is given by NED based on the
heliocentric velocity of 5366 km/s from Struble & Rood (1999).
We initially include all galaxies with −19.0 < Mr <
−16.7mag and out to a projected distance of 3.8Mpc from the cen-
tral galaxy NGC 1275. However, the SDSS coverage of the Perseus
cluster outskirts is not complete. The incompleteness remains mod-
erate out to 2.5Mpc and is corrected for each galaxy by a factor that
takes into account the missing area at its clustercentric distance.
This area is calculated for each galaxy’s position as the part of an
annulus around the cluster center that is not included in the roughly
rectangular coverage of SDSS data.
As for the Coma sample, all objects were visually inspected
to exclude stars, artifacts, and parts of galaxies. The total number
of galaxies in the sample is 1607. These are then corrected statisti-
cally for the background level revealed by a radial number density
profile (Appendix A4 of Paper I). While this level cannot be ac-
curately determined and may influence the number counts in the
cluster outskirts, its uncertainty is of minor relevance for the dense
inner regions of the cluster.
As for the Coma galaxies, we first apply a k-correction to
the g − r colour before background-correcting red galaxies. With
the adopted redshift of z = 0.017, the median k-correction is
0.029 mag (Chilingarian et al. 2010).
3 DARK MATTER SIMULATION AND GALAXY MODEL
3.1 Overview
Semi-analytic models describe galaxy formation and evolution on
the basis of simple analytic recipes that are applied to dark matter
merger trees (Kauffmann et al. 1993; Cole et al. 2000; Bower et al.
2006). In our study we use the semi-analytic model of Guo et al.
(2011), which was applied to the merger trees of the Millennium-
II cosmological simulation (Boylan-Kolchin et al. 2009). The lat-
ter simulates the evolution of the dark matter distribution within
a periodic box of 137Mpc side length and a particle mass of
9.45× 106M⊙.
The Guo et al. (2011) model is based on the model of
De Lucia & Blaizot (2007), but contains several modifications. The
supernova feedback efficiency for low-mass galaxies was increased
considerably, in order to fit the stellar mass function of galaxies at
the low-mass end. Furthermore, the prescriptions for calculating
the sizes of galaxies and environmental effects were modified (see
Paper I for details). In addition, the AGN feedback efficiency was
increased.
Friend-of-Friend (FoF) haloes were defined in the Millenium-
II simulation by linking particles with separation below 0.2 of
the mean value (Davis et al. 1985). Within these FoF haloes, the
SUBFIND algorithm (Springel et al. 2001) identified subhaloes, to
c© 2013 RAS, MNRAS 000, 1–17
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which the semi-analytic model associated galaxies. Once the sub-
halo mass falls below the mass of the galaxy, the model employs an
analytic prescription for the galaxy’s orbit (see Guo et al. 2011).
The galaxies and galaxy clusters whose dark matter haloes
were simulated by Boylan-Kolchin et al. (2009) and whose bary-
onic configuration was modeled by Guo et al. (2011) will be ref-
ered to as “model galaxies” and “model clusters” throughout
the paper. Their properties are publicly provided by the Virgo-
Millennium Database (Lemson & The Virgo Consortium 2006).2
While we primarily make use of properties provided by the dark
matter simulation itself (such as position and mass of a subhalo),
we rely on the semi-analytic model for selecting galaxies by their
r-band magnitude, their stellar mass, and for tracking so-called or-
phan galaxies, which have already lost their dark matter subhalo.
Magnitudes of model galaxies are based on the stellar evolutionary
synthesis models of Bruzual & Charlot (2003), which were found
by Hansson et al. (2012) to well reproduce the ugriz-colors of
galaxies in the nearby universe. Since there are indications that the
semi-analytic model does not correctly reproduce dust attenuation
(Paper I; Weinmann et al. 2012), we chose to use dust-free magni-
tudes.
3.2 Selection of model clusters and their galaxies
For comparing the model galaxies and clusters to observations,
we define three samples of model clusters. The full sample com-
prises the 15 most massive galaxy clusters at redshift zero3 of
the Millennium-II simulation. The “SAM-V” sample only uses
the twelve least massive clusters of the full sample, thereby cov-
ering the published range of virial masses of the Virgo cluster
(1.4−4.0×1014M⊙, based on Bo¨hringer et al. 1994, McLaughlin
1999, Schindler et al. 1999, Urban et al. 2011, and Paper I). The
“SAM-CP” sample only uses the three most massive clusters of the
full sample, with 4.5×1014 , 4.7×1014 , and 9.3×1014M⊙. These
cover the range of published Perseus cluster masses (Eyles et al.
1991; Simionescu et al. 2011; Paper I), and reach at least close to
the Coma cluster mass of 1.3× 1015M⊙ (Łokas & Mamon 2003).
When using observer-like quantities in our analysis, we consider
each cluster from three different sightlines, namely along the x, y,
and z axis of the simulation box. Unless noted, our analysis relies
on the full cluster sample.
A model galaxy is included in our samples if it lies within
a threedimensional clustercentric distance of 3Mpc/h. The clus-
ter center is defined as the location of the central galaxy in the
FoF halo, placed at the potential minimum of the FoF halo by
the semi-analytic model. For the full and the SAM-V samples,
we restrict model galaxies to a magnitude range of −19.0 <
Mr < −15.2mag. For the SAM-CP sample, the magnitude range
is −19.0 < Mr < −16.7mag.
Some galaxies that lie beyond 3Mpc/h from the center may
nevertheless be seen at a much lower projected clustercentric dis-
tance. We test for such “interlopers” in the SAM-V clusters by ex-
tracting all model galaxies with velocities in the range ±1800 km/s
around the respective central cluster galaxy.4 For the model clus-
2 http://gavo.mpa-garching.mpg.de/MyMillennium/
3 This corresponds to the last snapshot of the simulation. In Paper I we used
the second-to-last snapshot, at a lookback time of 263 Myr and a redshift of
z = 0.020, which is closer to the redshift of the Coma and Perseus clusters.
4 This range is larger than two times the line-of-sight velocity dispersion
of each model cluster sightline, except for one sightline to one cluster (Pa-
per I).
ters, we adopt a distance of 16.5 Mpc from a virtual observer –
corresponding to the Virgo value – and select only galaxies with
line-of-sight distances up to a factor of 1.5 larger or smaller. The
fainter or brighter absolute magnitudes that an observer would er-
roneously derive when assuming them to be cluster members are
taken into account for the selection. We expect that distinct struc-
tures outside of this distance range, like the Virgo clouds mentioned
in Section 2.1, could be identified by observers and would thus not
be counted as cluster members in observational samples.
At any projected clustercentric distance below 0.5 Mpc, the
fraction of interlopers is 1% or less. For sightlines parallel to the
x and y axis of the simulation box, the interloper fraction remains
below 5% out to 1.5 Mpc, which is the completeness limit of the
Virgo cluster sample. For sightlines parallel to the z-axis, this frac-
tion remains below 10%. Between 1.5 and 2 Mpc, the interloper
fraction does not exceed 10% for all sightlines. Therefore, our ne-
glect of interlopers will not make a difference for the comparison
of model clusters to the Virgo cluster. For the Coma and Perseus
clusters, which we consider up to 3 Mpc, the rising interloper frac-
tion (reaching values of 30% and more) may seem relevant. On
the other hand, we do correct the observed samples statistically
for background galaxies, to which interlopers would be counted.
Notwithstanding the uncertainty on the adopted background level
(see Paper I) and possible effects of cosmic variance, the fact that
the correction is done separately for red and for all galaxies re-
duces a potential effect of interlopers on the colour-distance rela-
tion, which is subject of our analysis in Sect. 4.4.
Finally, we remark that the stellar bulge-to-total mass ratio
of our model galaxies is 0.03 or less for 50% of objects and
0.10 or less for 75% of objects. Only 10% of model galaxies are
bulge-dominated, i.e. have a bulge-to-total ratio of 0.5 or larger.
This seems consistent with the observational result that the vast
majority5 of these galaxies do not possess structural components
with surface brightness profiles steeper than a Se´rsic index of 2
(Graham & Worley 2008; Janz et al. 2013).
4 ANALYSIS
The presence of significant tidal forces is a natural characteristic
of ΛCDM cluster and group environments, both due to the over-
all potential and to close encounters of subhaloes. The interplay of
mass and gravitation cannot be avoided by the member galaxies,
and causes significant mass loss of their subhaloes. However, we
need to ask whether the stellar and gaseous components of a galaxy
are necessarily affected when its subhalo loses mass. The link be-
tween dark matter and baryons is provided by dedicated simula-
tions of individual galaxies moving within the gravitational poten-
tial of a galaxy cluster and experiencing encounters with other sub-
haloes (Moore et al. 1998; Gnedin 2003b; Mastropietro et al. 2005;
Smith et al. 2010). While depending on the specific trajectories and
also on the local structure of the gravitational potential (Gnedin
2003a), the strongest effects on the baryonic configuration appear
5 Note that our term “dwarf galaxies” refers to a simple magnitude se-
lection of −19.0 < Mr < −15.2mag, not to any selection in surface
brightness. Observational samples of early-type galaxies in this range do in-
clude a small fraction of objects classified as “low-luminosity elliptical/S0”
galaxies (Janz & Lisker 2008), which differ from the more diffuse “dwarf
elliptical/S0” galaxies. Having a small number of bulge-dominated galaxies
in the sample thus seems reasonable from an observational point of view.
c© 2013 RAS, MNRAS 000, 1–17
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in cases with the strongest dark matter mass loss. We can thus as-
sume that, statistically, the more dark matter was lost by a given
subhalo over time, the more its stellar structure was tidally heated,
leading to thickening or even destruction of disks and causing mild
to strong stellar mass loss (Mastropietro et al. 2005; Smith et al.
2010). In the course of our analysis, we will therefore focus on the
mass loss experienced by the subhaloes in the Millennium-II sim-
ulation. However, since mass loss itself does not directly indicate
in which environment a galaxy resided, we additionally consider
the total time that it has spent in massive haloes. This allows us to
examine whether subhaloes that have suffered stronger mass loss
have necessarily resided longer in high-mass environments.
4.1 Infall time and mass loss
In the upper panel of Fig. 1 we show the distribution of lookback
times to when the model galaxies became a satellite for the first
time, when they entered a halo with mass M > 1012M⊙/h, a halo
with mass M > 1013M⊙/h, and when they entered the cluster
halo of which they are a member today. Since the simulation out-
put is provided in discrete snapshots, we work with the simulation
snapshot immediately before a galaxy appeared as member of the
respective FoF halo for the first time.
Almost 1600 galaxies (17.2%) are not yet a member of the
cluster – in the sense of belonging to its FoF halo – but are located
within 3Mpc/h of the cluster center. These objects are assigned
a lookback time of zero. They are not included in the similar dis-
tributions of infall time presented by De Lucia et al. (2012b, their
Fig. 7), which are otherwise consistent with our distributions.6
While the distributions shown in Fig. 1 are a combination of
15 clusters, a significant scatter between individual clusters exists,
depending on which lookback time is chosen. The average look-
back time to when 50% of today’s dwarf galaxies had entered their
cluster halo is 5.55 Gyr, with a rather large standard deviation of
1.51 Gyr. This is mainly due to major merger events of the clus-
ter haloes themselves, during which large groups or clusters are
being accreted. These events thus set the cluster infall time for a
significant fraction of today’s galaxies. If we focus instead on the
infall time into a halo with mass M > 1013M⊙/h – no matter
whether or not it was the progenitor of today’s cluster halo – the
scatter is much smaller: the average lookback time is 7.33 Gyr with
a standard deviation of only 0.55 Gyr between the clusters. For the
infall time into a halo with mass M > 1012M⊙/h, the value is
8.72 ± 0.45Gyr.
When choosing as reference the subhalo mass immediately
before it became a satellite for the first time, a relative mass loss can
be defined and compared for the different lookback times (lower
panel of Fig. 1). Objects that have never been a satellite before the
respective point of time are assigned a mass loss value of zero. This
is why the peak in the figure at a value of zero increases with larger
lookback time. Subhaloes that grew in mass since they first became
a satellite appear with negative mass loss values in the figure, as
indicated there.
For a significant fraction of objects, a major part of the sub-
halo mass had been lost already before entering today’s cluster halo
and even before entering a halo with 1013M⊙/h. Only when look-
ing back to the infall into a halo with 1012M⊙/h, the fraction of
6 Note that Guo et al. (2011) and De Lucia et al. (2012b) use the most re-
cent time when a galaxy has become a satellite, whereas we use the first
time when it became a satellite.
Figure 1. Top: For the dwarf galaxies in the 15 most massive clusters of the
Millennium-II simulation, we compare the lookback time to when a subhalo
first became a satellite, when it entered a halo with mass M > 1012M⊙/h,
a halo with mass M > 1013M⊙/h, and today’s cluster halo. Bottom:
Here we compare the subhalo mass loss, relative to when it first became
a satellite, for four different times: today (z = 0), when it first entered a
halo with mass M > 1012M⊙/h, a halo with mass M > 1013M⊙/h,
and today’s cluster halo. If one of these times is the same as the first time
of becoming a satellite, the mass loss is set to zero. Negative mass loss
values mean that the mass has increased since becoming a satellite. We
assign orphan galaxies a subhalo mass corresponding to 19 particles, i.e.
one particle below the resolution limit.
objects that had already lost the majority of their mass before this
event drops below 10% (black histogram in Fig. 1, lower panel).
At that point of time, most subhaloes either experienced their first
time of becoming a satellite – thus having a mass loss value of zero
– or had even grown in mass since becoming a satellite. The latter is
possible because many objects became first-time satellites at very
early epochs (see the upper panel of the figure), when they were still
c© 2013 RAS, MNRAS 000, 1–17
6 T. Lisker et al.
Figure 2. For the dwarf galaxies (white dots) in the 15 most massive clus-
ters of the Millennium-II simulation, we show on the abscissa the look-
back time to when a subhalo first entered a halo equal to or more massive
than 1012M⊙/h (right panels) and the subhalo mass loss since that time
(left panels). On the ordinate, we show from top to bottom the time spent
as satellite, the time spent in haloes with mass M > 1012M⊙/h, with
M > 1013M⊙/h, and the time spent in today’s cluster halo. Black cir-
cles and error bars denote the median and the ±40% range in eight evenly
spaced intervals. The black number in the top of each panel is the Spear-
man’s rank correlation coefficient multiplied by 100, calculated within the
panel limits.
very small in mass, and shortly afterwards they became again “cen-
trals”, i.e. the most massive galaxies of their respective haloes. This
allowed them to continue growing significantly. Choosing as refer-
ence the first time of becoming a satellite thus seems only moder-
ately useful. Instead, our reference from now on will be the time
when first entering a halo with mass M > 1012M⊙/h (also see
McGee et al. 2009). Only 2.2% of subhaloes possess a larger mass
today than at this point of time, while the fraction is 17.3% when
comparing to the mass at becoming a satellite.
Since subhalo mass loss is caused by the tidal forces acting on
a galaxy, we expect it to be a more direct proxy for the environ-
mental influence – also on the baryonic part – than the lookback
time to infall into a halo of a certain mass. Furthermore, the total
time spent in massive haloes should also be somewhat closer re-
lated to environmental influence than the lookback time to the infall
event. In contrast to the mass loss, which depends on the orbit and
the occurrence of encounters, the time spent in massive haloes can
tell whether the progenitors of different galaxy populations have
evolved in different environments, thus providing complementary
information.
The three quantities are compared to each other in Fig. 2.
Figure 3. For the dwarf galaxies in the 15 most massive clusters of the
Millennium-II simulation, we show the projected clustercentric distance
versus the logarithm of the local projected galaxy number density. The lat-
ter is derived following Dressler (1980), by using the minimum radius of a
circle that encompasses – in projection – the tenth nearest neighbour galaxy,
counting all galaxies with Mr < −15.2mag. The density is then calculated
as 11 divided by the area of that circle in Mpc2 .
They obviously follow clear correlations, but also show signif-
icant scatter. For example, the time spent in haloes with mass
M > 1012M⊙/h can be much shorter than the lookback time
to the first infall into such a halo (right panel in second row from
top), indicating that galaxies can pass through and escape a massive
halo. Those (few) subhaloes that have grown in mass since their in-
fall into a 1012M⊙/h halo can have spent very different amounts of
time in such haloes, from almost zero to more than 7 Gyr (left panel
in second row from top). Moreover, we emphasize that the scatter
of the time spent in today’s cluster halo is large (bottom panels):
for many galaxies, this time just means the most recent stage of
their evolution, not necessarily being representative of what they
experienced before.
4.2 Present-day location versus environmental influence
The quantities of the subhalo population that are most directly ac-
cessible to an observer are the projected position and line-of-sight
motion. We will address the line-of-sight velocity in Section 4.6,
but focus here on location, i.e. projected distance from the respec-
tive cluster center. In addition, we also consider the commonly
used quantity local density, i.e. the projected number density of
galaxies calculated from the area encompassing the 10th neighbour
(Dressler 1980). Both are compared in Fig. 3, showing a clear cor-
relation, but with significant scatter. Part of the scatter is due to
cluster substructure: a subclump with relatively high local density
may be located comparatively far away from the cluster center. This
is the case, for example, with the Virgo cluster and its M 49 subclus-
ter, which is more than 1 Mpc away in projection from the central
Virgo galaxy M 87.
In Fig. 4 we show how both clustercentric distance and local
density correlate with subhalo history, i.e. with lookback time to
infall, time spent in haloes with M > 1012M⊙/h, and mass loss.
All correlations are similarly strong for clustercentric distance as
for the logarithm of local density, judging from the visual impres-
sion as well as from the correlation coefficient given in each figure
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Figure 4. For the dwarf galaxies (white dots) in the 15 most massive clus-
ters of the Millennium-II simulation, we show on the abscissa the projected
clustercentric distance (left panels) and the logarithm of the local projected
galaxy number density (right panels). On the ordinate, we show from top to
bottom the lookback time to when a subhalo first entered a halo with mass
M > 1012M⊙/h, the lookback time to when it entered today’s cluster
halo, the time spent in haloes with mass M > 1012M⊙/h, the subhalo
mass loss since it first entered a halo with mass M > 1012M⊙/h, and the
mass loss since it entered today’s cluster halo. Black circles and error bars
denote the median and the ±40% range in eight evenly spaced intervals.
The black number in the top of each panel is the Spearman’s rank correla-
tion coefficient multiplied by 100, calculated within the panel limits.
panel. Objects located at small clustercentric distances, and like-
wise in regions of high local density, experienced on average early
infall, have spent a long time in massive haloes, and have suffered
strong mass loss. However, the scatter is large, clearly illustrating
that the past environmental influence can not simply be read off
from the (projected!) clustercentric distance today. There is more
than 50% overlap between the subhaloes at less than 0.5 Mpc from
the cluster center and those between 1 and 2 Mpc in terms of the
time spent in haloes with M > 1012M⊙/h, the mass loss expe-
rienced in such haloes, and also the lookback time to infall into
today’s cluster. Only part of this overlap is caused by projection
effects — even when considering threedimensional clustercentric
distance, the statement still holds. We conclude that the subhalo
populations in the cluster center and the outer cluster regions do
show systematic differences in their histories on average, but that
two subhaloes located at the same clustercentric distance or local
density today may have experienced strongly different environmen-
tal influence in the past. Two subhaloes located at very different
clustercentric distances or local densities may have had similar his-
tories (cf. Gnedin 2003a; De Lucia et al. 2012b). In the following
section, we will attempt to map these subhalo properties to the ob-
served galaxy population.
To ensure that our selection of model galaxies in r-band mag-
nitude instead of stellar mass does not introduce a bias, we examine
the above relations with clustercentric distance for model galax-
ies in the following stellar mass intervals: 0.1 − 0.4 × 108M⊙,
0.4 − 2.0 × 108M⊙, 2 − 10 × 10
8M⊙, 10
9
− 1010M⊙, and
1010 − 1012M⊙. We find that the radial trends, as well as the
scatter of values, are remarkably similar in all but the most mas-
sive interval. For the lookback time to entering a halo with M >
1012M⊙/h, the mass loss since then, and the time spent in such
haloes, the median values differ by less than 10% at projected clus-
tercentric distances below 1 Mpc and less than 20% out to 3 Mpc.
The most massive interval differs by less than 20% below 1 Mpc
and up to 70% out to 3 Mpc. The ±40% ranges differ by less than
20% except for the mass loss below 1 Mpc, where the range can be
different by a factor of two. In the most massive interval outside of
1 Mpc, the ±40% range of mass loss already includes objects that
have grown in mass (i.e. with negative mass loss values), thereby
increasing the range significantly. However, for low-mass galax-
ies, this test confirms that our analysis is not biased by our specific
magnitude selection of model galaxies, which is tied to the obser-
vational samples.
4.3 Morphology-distance relation
We now assume that, for dwarf galaxies, stronger environmental in-
fluence in the past led to early-type morphology today. The present-
day late-type galaxies would therefore be those on which environ-
ment had the weakest effect. We thus attempt to assign subhalo
populations with different mass loss histories to the observed pop-
ulations of galaxies with different morphology. The latter are taken
from the Virgo cluster and are subdivided into three classes: (i) el-
liptical and dwarf elliptical galaxies without disk features or blue
central regions; (ii) lenticular galaxies, Sa-type spirals, dwarf ellip-
ticals that exhibit disk features and blue central regions, and tran-
sition types between dwarf elliptical and irregular galaxies; (iii) all
remaining spiral galaxies, as well as irregular and blue-compact
dwarf galaxies. When considering only Virgo galaxies up to a pro-
jected distance of 1.5 Mpc from M 87 (which we assume to be the
cluster center), these classes comprise 50.1%, 21.9%, and 27.9%
of galaxies, respectively. Their distribution with clustercentric dis-
tance is shown in the top panel of Fig. 5, reflecting the well-known
morphology-density relation (Dressler 1980).
The above percentages are now used to subdivide the model
galaxies by their subhalo mass loss, and alternatively by the time
spent in haloes with M > 1012M⊙/h, assuming these quanti-
ties represent the strength of environmental influence. The resulting
distributions with clustercentric distance are shown in the two mid-
dle panels of Fig. 5. They look similar to the observed relation of
galaxy morphologies, but have a larger contrast between the inner
and outer populations. Subhaloes that experienced strong mass loss
or spent a long time in massive haloes dominate in the center, but
already beyond 0.75 Mpc they are outnumbered by those with weak
mass loss or a short time spent in massive haloes. In contrast, the
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Figure 5. Clustercentric distribution of galaxies and subhaloes. The top
panel shows the Virgo cluster morphological types. These type percentages
– using only galaxies up to 1.5 Mpc projected distance – are then used to
subdivide the subhalo population accordingly. The second and third panel
from top show the resulting distributions when subdividing by the time
spent in massive haloes, or by the mass loss. For the lower panel, we as-
sume the opposite mapping of observed and model galaxies, to illustrate
that this would lead to a discrepant distribution. We use the SAM-V sample
of model clusters for this figure (see Section 3).
elliptical galaxies in the Virgo cluster dominate over the late types
out to 1.5 Mpc.
The above assignment of percentages assumes that strong
mass loss correlates with early-type morphology. When we as-
sume instead the opposite, namely that late-type galaxies are those
that experienced the strongest mass loss, the lower panel of Fig. 5
shows the resulting relation with clustercentric distance. This sce-
nario would lead to a relation that is opposite to the observed
morphology-distance relation, with a strongly increasing elliptical
fraction towards the cluster outskirts. This illustrates that our above
assumption was reasonable, and that one cannot simply assume any
arbitrary correlation between dark matter mass loss and baryonic
morphology. If we assumed that no correlation exists, this would
lead to a scenario in which any given galaxy type would have to
cover the full range of mass loss values. For example, the popu-
lation of late-type, star-forming galaxies would have to be com-
Figure 6. Similar to Fig. 5, but now using the morphological percentages
of each individual radial bin of the Virgo cluster distribution to subdivide
the model galaxy population of that bin by mass loss (top panel). Points and
error bars denote the median and the±40% range. The bottom panel shows
the resulting distribution of the time spent in haloes with > 1012M⊙/h.
We use the SAM-V sample of model clusters for this figure (see Section 3).
posed partly of galaxies whose subhaloes have lost almost all of
their mass, but also of galaxies whose subhaloes have experienced
almost no mass loss. All of these would intriguingly have to show a
very similar appearance today, since all belong to the same galaxy
type. This appears rather unlikely, given that N-body simulations of
tidal forces in galaxy clusters show that objects losing a major frac-
tion of their dark matter are affected in their stellar configuration
as well (Gnedin 2003a; Mastropietro et al. 2005).
When we subdivide the model galaxies of the SAM-V sam-
ple by their subhalo mass loss as outlined above, the median
g− r colour of the early-type analogues turns out to be 0.70, which
is slightly redder than the intermediate-type analogues (0.66) and
clearly redder than the late-type analogues (0.55). This is a conse-
quence of the implementation of environmental effects in the semi-
analytic model (see Paper I and Guo et al. 2011 for details): objects
with stronger mass loss have become satellites of massive haloes
at earlier times (Fig. 2). While it lends support to our approach, it
needs to be remarked that model colours are too red as compared to
observations (see the analysis and discussion in Paper I). The Virgo
cluster early-type dwarfs have a median g − r colour of 0.60, the
intermediate types have 0.60 as well, and the late types have 0.39.
Instead of using only one set of population percentages, de-
rived from all galaxies up to 1.5 Mpc from the center, we can map
model galaxies to observed ones for each clustercentric distance
bin individually. This is shown in the top panel of Fig. 6, using
mass loss to subdivide the populations. As a result, we can see that
there exists a relation of mass loss and distance within each class
of galaxies. This is a direct consequence of the fact that the rela-
tion with distance in Fig. 5 is steeper for model galaxies than for
observed ones when using a fixed value to separate galaxy popula-
tions: the decline within the populations was not taken into account.
It is most pronounced for the late-type analogues, which reach a
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Figure 7. Red dwarf galaxy fractions (black line) and subhalo fractions with
strong mass loss (grey line and shaded area) are shown with respect to pro-
jected clustercentric distance for observed clusters (Virgo, Perseus, Coma)
and their corresponding model cluster samples (SAM-V for Virgo, SAM-
CP for Coma and Perseus, see Section 3) . Red galaxies are defined accord-
ing to eq. 1, following Paper I. The shaded areas indicate the minimum-
to-maximum range of the different model clusters and their different pro-
jections. Subhaloes with strong mass loss are selected similar to Fig. 5: we
apply the percentage of red galaxies inside a projected distance of 1.5 Mpc
(Virgo) and 2.0 Mpc (Perseus and Coma) to the model samples. The Virgo
sample becomes incomplete beyond 1.5 Mpc, indicated by the vertical dot-
ted line. The Perseus sample is statistically corrected for incomplete cov-
erage (Sect. 2.3), but this becomes unreliable beyond 2.5 Mpc due to too
small coverage.
median mass loss value of 50% in the inner cluster regions, but
drop to less than 15% in the outskirts. This could indicate a mass
loss threshold for the onset of noticeable effects on the stellar con-
figuration. Without a major loss (
∼
> 50%) of subhalo mass, galaxies
were able to keep their late-type appearance.
In addition to mass loss, we show in the bottom panel of Fig. 6
the time spent in massive haloes that results from the above sub-
division by mass loss. Again, there is a significant trend within
each class, especially for intermediate- and late-type galaxies.
Intermediate-type galaxies in the innermost radial bin have spent
a similar time in massive haloes as elliptical galaxies located in the
outskirts. The same is true for late-type galaxies in the innermost
radial bin as compared to intermediate-type ones in the outskirts.
However, we have so far considered the combination of all
model clusters of the SAM-V sample, and all their projections. If
the Virgo cluster is not a typical cluster, the actual distribution of
mass loss with clustercentric distance may be different than shown
in Fig. 6. We have inspected the individual projections of the twelve
SAM-V clusters, and found that in a few of the 36 cases, the relation
within a given subclass almost disappears. Moreover, the stellar and
gas structure of a galaxy may be governed by further parameters
in addition to subhalo mass loss, which could help understanding
why late-type galaxies in the center have mass loss values similar
to intermediate-type galaxies in the outskirts. These aspects illus-
trate how complex it is to interpret the observed galaxy populations
correctly.
4.4 Colour-distance relation
A similarly complete galaxy catalog as for the Virgo cluster does
not exist for the Coma and Perseus clusters (only for the Coma cen-
ter, see Michard & Andreon 2008), but an analogous comparison
between observed and model galaxies can be done based on galaxy
colour, as shown in Fig. 7. While colour is not a direct proxy for
morphology, galaxies in most clusters show a colour-distance rela-
tion similar to the morphology-distance relation. This can be seen
in the top and bottom panels of the figure: the red galaxy fraction
of the Virgo and Coma cluster declines with increasing distance
(black line). Red galaxies are selected by eq. 1 after applying a
k-correction to Coma and Perseus galaxies (Sects. 2.2 and 2.3). In-
terestingly, the red galaxy fraction of the Perseus cluster does not
decrease at all when going outwards. This shows that significant
scatter exists among the properties of present-day massive galaxy
clusters (also see Paper I), and an individual cluster can not neces-
sarily be taken as representative of the majority of clusters.
To obtain distributions of subhaloes with strong mass loss, we
apply for each observed cluster the overall percentage of red galax-
ies to its corresponding model cluster sample, analogous to Fig. 5.
The resulting subhalo distributions are shown with grey lines, and
the shaded area indicates the full range of distributions that occur
among the various projections of the different model clusters. For
the Virgo cluster, a similar trend is seen as for morphology: the
fraction of subhaloes with strong mass loss decreases more strongly
than the observed fraction of red galaxies. Nevertheless, the Virgo
cluster still lies within the range of the different model cluster pro-
jections, same as the Coma cluster in most radial bins. The Perseus
cluster with its flat observed distribution falls outside of the model
cluster range in half of the radial bins. However, it needs to be em-
phasized that the SAM-CP sample consists only of the three most
massive model clusters. With a larger model sample – requiring a
cosmologial simulation with larger box size at the Millennium-II
resolution – the range of distributions may become larger.
4.5 Mass loss history of galaxy populations
To what extent is the present-day population of late-type galaxies
in clusters comparable to the former progenitors of today’s early
types? We address this question by comparing the mass loss dis-
tributions of these populations with each other, assuming that sub-
halo mass loss serves as a proxy of the environmental influence on
the (baryonic) galaxy. Following the subdivision of Virgo cluster
galaxy types described in Section 4.3, we select subhaloes repre-
senting elliptical, intermediate, and late-type galaxies in the model
clusters, and show their mass loss distributions in Fig. 8. In the top
panel of the figure, we subdivide the three galaxy types based on
the time spent in haloes with > 1012M⊙/h, while in the bottom
panel we subdivide them based on the mass loss itself. As before,
mass loss is calculated relative to the subhalo mass immediately
before entering a halo with M > 1012M⊙/h for the first time.
The mass loss distribution of the present-day late-type galax-
ies is illustrated by the grey-shaded histogram in the figure. A sig-
nificant number of objects – note the logarithmic ordinate – have
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Figure 8. Shown are the distributions of mass loss since entering a halo
with > 1012M⊙/h for the model galaxy populations defined as in Fig. 5.
As in that figure, the model populations (’elliptical’, ’intermediate’, and
’late-type’) can be defined either based on the time spent in massive haloes
(top panel) or on the mass loss they experienced (bottom panel). For the
’elliptical’ model galaxies only, we show how the mass loss distribution
evolves with redshift (coloured lines), to find out at which redshift (if any)
it has been comparable to the present-day late types. The total numbers
of intermediate- and of late-type galaxies were scaled to match that of the
elliptical galaxies.
been assigned zero mass loss, since they are not FoF-member of
their respective cluster7 and have never been a FoF-member of a
halo with M > 1012M⊙/h. Negative mass loss values mean that
the mass increased since infall. In the top panel of the figure, some
late-type galaxies even experienced a complete mass loss, i.e. a
value close to 1. In the bottom panel, this is not possible by con-
struction: mass loss serves as the basis for the subdivision itself,
therefore late-type galaxies reach only to values of about 0.6. Note
that the numbers of intermediate- and late-type galaxies were nor-
malised to that of the elliptical galaxies.
For the present-day elliptical galaxies (black histogram), we
show the redshift evolution of the mass loss distribution with the
coloured histograms. With increasing redshift, the number of galax-
7 We remind that we include in our analysis all subhaloes located within
3Mpc/h of the cluster center, no matter whether or not they are counted
as members of the FoF-halo.
Figure 9. For the dwarf galaxies (white dots) in the 15 most massive clus-
ters of the Millennium-II simulation and located within 0.5 Mpc of the clus-
ter center, we show on the abscissa the absolute line-of-sight velocity rel-
ative to the cluster center (left panels, combining all three projections) and
the absolute threedimensional velocity relative to the cluster center (right
panels). On the ordinate, we show from top to bottom the lookback time
to when a subhalo first entered a halo with M > 1012M⊙/h, the look-
back time to when it entered today’s cluster halo, the time spent in haloes
with M > 1012M⊙/h, the subhalo mass loss since it first entered a halo
with M > 1012M⊙/h, and the mass loss since it entered today’s cluster
halo. Black circles and error bars denote the median and the ±40% range
in eight evenly spaced intervals. The black number in the top of each panel
is the Spearman’s rank correlation coefficient multiplied by 100, calculated
within the panel limits. The restriction to a clustercentric distance of less
than 0.5 Mpc is applied to the projected distance for the left panels and to
the threedimensional distance for the right panels.
ies that had already experienced strong mass loss is lowered. At
the same time, the peak at the value of zero grows higher, in-
dicating that these objects were not yet member of a halo with
M > 1012M⊙/h at the respective redshift. However, the distri-
bution never looks the same as that of the present-day late types.
These have a distribution that decreases at large mass loss values
(upper panel of Fig. 8), while the distribution of the ellipticals’ pro-
genitors either increases or is nearly flat. If one assumes that only
strong subhalo mass loss – e.g. more than 50% – had a noticeable
effect on the stellar configuration of the galaxies, then only at red-
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shifts between 2 and 3, the ellipticals’ progenitors become similar
to the late types of today.
4.6 Dependence on velocity
In addition to the clear correlations of projected position with infall
time and mass loss, we investigate whether these quantities show
an additional correlation with velocity. For this purpose we con-
sider the absolute value of the threedimensional velocity relative
to the central cluster galaxy, as well as the absolute value of the
respective line-of-sight velocities along each of the three axes of
the simulation box. The line-of-sight velocities do not show any
significant correlation with the lookback time to when a subhalo
first entered a halo with M > 1012M⊙/h, the lookback time to
when it entered today’s cluster halo, the time spent in haloes with
M > 1012M⊙/h, the subhalo mass loss since it first entered a
halo with M > 1012M⊙/h, nor with the mass loss since it entered
today’s cluster halo.
However, when restricting our analysis to galaxies located
within a projected clustercentric distance of 0.5 Mpc, i.e. in the
cluster center, weak correlations become apparent (Fig. 9, left pan-
els). While the trends are smaller than the scatter of values, and
the individual correlation coefficients are small, the relations give
a consistent picture: galaxies moving with larger relative veloci-
ties had a somewhat later infall, have spent less time in massive
haloes, and have experienced less mass loss. In fact, these corre-
lations are smeared out by projection effects — they are clearly
stronger when using threedimensional quantities (right panels of
Fig. 9). This probably reflects the fact that galaxies that entered the
gravitational potential of the halo at a later time, when the cluster
had already grown to a larger mass, acquired larger velocities until
reaching the center.
The comparison between projected and threedimensional
quantities also serves as example for the effect of being in the ob-
server’s situation and having only projected quantities available:
strong correlations may be somewhat weakened, and weak corre-
lations may become insignificant. We point out that no further or
stronger correlations become apparent when using not the absolute
values of lookback time and mass loss, but their residuals about the
relation with projected distance.
Our analysis of subhalo velocities cannot fully explain the ob-
served strong correlation between line-of-sight velocity and shape
of nucleated dwarf elliptical galaxies in the Virgo cluster center
(Lisker et al. 2009). The finding that those galaxies with lower
line-of-sight velocities have significantly rounder shapes had been
interpreted such that these have resided in the cluster since a
longer time, are therefore on more circularised orbits (see also
Biviano & Poggianti 2009) and have suffered more environmental
influence. However, while we do find weak correlations of line-of-
sight velocity with subhalo mass loss and infall time, these are far
from being as clear as the observed correlation with shape, which
remains to be understood.
4.7 Dependence on mass
Now we address the question whether the differences between the
galaxy populations in the inner and outer cluster regions become
more or less pronounced with increasing cluster mass. Fig. 10 com-
pares the lookback time, the time spent in massive haloes, and the
mass loss of the inner (white) and outer (black) model galaxy pop-
ulation of each simulated cluster. The inner and outer red galaxy
Figure 10. Median and ±40% range of model quantities for the inner
(white) and outer (black) subhalo populations of the individual model clus-
ters, shown with respect to cluster mass. The bottom panel shows the red
galaxy fractions of the observed clusters. In the left panels, “inner” and
“outer” is defined in units of Mpc: less than 0.5 Mpc projected clustercentric
distance, and the range 1.0− 1.5Mpc, respectively. In the right panels, we
define “inner” and “outer” in units of virial radii: less than 0.33Rvir and
the range 0.67− 1.0Rvir, respectively. For the Virgo cluster, these defini-
tions are the same, since the virial radius is assumed to be Rvir = 1.5Mpc
(McLaughlin 1999). For the Perseus cluster we adopt Rvir = 1.8Mpc
(estimated from extrapolating the mass profile of Eyles et al. 1991, see Pa-
per I), and for the Coma cluster we use Rvir = 2.8Mpc (Łokas & Mamon
2003).
fractions of the observed clusters are shown for comparison. Note
that the left panels of the figure distinguish between “inner” and
“outer” regions in units of Mpc, choosing projected clustercentric
distances less than 0.5 Mpc and the range 1.0 − 1.5Mpc, respec-
tively. In contrast, the right panels are based on units of virial
radius Rvir, with less than 0.33Rvir for “inner” and the range
0.67− 1.0Rvir for “outer”, respectively.
The lookback time to when a model galaxy first entered a halo
with M > 1012M⊙/h is always high for the inner population. A
trend is seen for the outer population, when defined in units of Mpc,
that lookback time is increasing with cluster mass (top left panel of
Fig. 10). However, this is mostly an effect of choosing absolute
units: no significant trend is seen when defining the outer popula-
tion in units of Rvir (top right panel). The situation is the same for
the time spent in massive haloes (second row from top), although
a slight tendency may be present in units of Rvir. When focusing
on mass loss (third row from top), again the inner populations are
all very similar and have a mass loss close to one. The outer popu-
lations, in units of Mpc, show a clear trend of increasing mass loss
with cluster mass, and a weak tendency in units of Rvir.
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The red fractions of observed galaxies show no clear trend
for the inner populations. The outer populations follow a slight in-
crease with cluster mass when defined in units of Mpc, and no trend
when defined in units of Rvir. This may appear similar to the model
galaxies, but is of course subject to small number statistics.
In our previous diagrams with clustercentric distance, we have
combined the different model clusters and their projections in units
of Mpc. Therefore, the differences between inner and outer popu-
lations may have been smoothed out a bit, as compared to when we
would have used units of Rvir. On the other hand, it is not trivial
to estimate the virial radius of a cluster from observations, which is
why we decided to present our diagrams in units of Mpc instead.
5 DISCUSSION
5.1 Limitations of linking subhaloes with their baryons
Despite the exquisit mass resolution of the Millennium-II simu-
lation, the number of particles that represent a low-mass subhalo
is rather small: about 1500 particles for a subhalo with M =
1010M⊙/h. Thus, the actual dynamical interaction of tidal field
and subhalo, or of two subhaloes, cannot be properly described
by a cosmological simulation itself. Moreover, many of the model
galaxies in the central cluster regions are orphans, i.e. their sub-
haloes dropped below the resolution limit of 20 particles and are
only tracked by the semi-analytic model. Observations indicate,
however, that these objects still hold a significant amount of dark
matter (Penny et al. 2009). Therefore, the mass loss, as well as the
position and motion of low-mass subhaloes, are merely approxima-
tions. Furthermore, dark matter may couple to baryonic processes
that change the gravitational potential locally, like gas loss induced
by supernovae or by ram pressure. These can affect the dark matter
profile and distribution (Governato et al. 2010; Smith et al. 2012a).
Subhalo mass loss begins to occur earlier and already in a less
strong tidal field than major changes of the baryonic configuration.
This is due to the large extent of the initial halo, which then loses
its outer parts and gets truncated when entering a larger potential
(Gnedin 2003b; Villalobos et al. 2012). Therefore, when interpret-
ing subhalo mass loss with regard to observable effects, a major
fraction of the subhalo can be lost without affecting the baryonic
galaxy. This is in line with the majority of late-type analogues hav-
ing lost
∼
< 50% of their subhalo mass (Fig. 6): not much harm has
yet been done to their stellar disks.
While our study focuses on the mass loss of dark matter sub-
haloes caused by tidal forces, the strongest ram pressure occurs
in the same environments: the highest hot gas densities are found
in massive galaxy clusters (Mohr et al. 1999; Helsdon & Ponman
2000). To what extent ram pressure stripping contributes to quench-
ing the star formation activity of galaxies falling into a group or
cluster is still a matter of debate (Goto 2005; McCarthy et al. 2008;
Book & Benson 2010; Weinmann et al. 2010; Roediger et al. 2011;
Bahe´ et al. 2013; Bo¨sch et al. 2013). It is also noteworthy that there
exists a significant scatter in the intragroup medium properties
of galaxy groups (Helsdon & Ponman 2000; Osmond & Ponman
2004). Studies aiming to fully simulate the origin of today’s dwarf
galaxy population thus need to model the variety of environments
that affected the galaxies over their lifetime (see Fig. 1).
Simulations and models of environmental processes would
also need to account for spatially resolved galaxy proper-
ties. While having early-type morphology, dwarf galaxies in
groups and clusters may still form stars in their inner regions
(Lisker et al. 2006; Tully & Trentham 2008) and contain gas and
dust (di Serego Alighieri et al. 2007; De Looze et al. 2010). Even
among those not forming stars anymore, the majority of bright
early-type dwarfs in the Virgo cluster exhibit a young central stel-
lar population (Paudel et al. 2010a). The blue ultraviolet−optical
central colours (Boselli et al. 2008a) of galaxies with overall red
colours and old stellar population ages (Roediger et al. 2011) may
indicate a recent ram-pressure stripping event (Boselli et al. 2008a)
or even the reaccretion of gas (Hallenbeck et al. 2012).
These observations seem to indicate a recent arrival of many
early-type dwarf galaxies to the cluster environment, which could
mean a discrepancy with the ΛCDM prediction that they are old
objects (Boselli et al. 2008a; cf. Figs. 1 and 6). However, it is
not straightforward to translate stellar population ages into sub-
halo histories. When using the ram pressure stripping criterion of
Gunn & Gott (1972) as approximation, it can be shown that the
Virgo intracluster medium (Vollmer 2009) would not be able to re-
move gas from the centers of most bright early-type dwarf galaxies
(Mr
∼
< −17mag).8 Only for fainter galaxies should its ram pres-
sure seriously affect all parts of the galaxy, thus predicting that the
Next Generation Virgo Cluster Survey (Ferrarese et al. 2012) will
not find faint early-type dwarfs with blue central regions.
The above considerations emphasize the complexity of the
real situation, involving gas, stars, their time evolution, and their
dependence on local conditions. The subhalo distributions and
histories that we analysed constitute the underlying cosmological
framework — not more and not less.
A further caveat lies in the applicability of current semi-
analytic models of galaxy formation in cosmological volumes,
which are still facing difficulties in reproducing the properties of
low mass galaxies. For example, they predict too little late evo-
lution in their number density (Weinmann et al. 2012), too red
colours in galaxy groups (Paper I), as well as stellar metallicity and
age distributions that do not agree with observations (Pasquali et al.
2010). These aspects are one reason why we primarily rely on dark
matter subhalo distributions for our analysis, instead of using the
“observables” provided by the semi-analytic model for our com-
parison with observations.
5.2 Correlations with clustercentric distance
The anticorrelations of mass loss and lookback time to infall with
clustercentric distance (e.g. Fig. 4; Smith et al. 2012d) seem to pro-
vide a natural explanation for the observed morphology-distance
relation (Binggeli et al. 1987). Spending a longer time inside mas-
sive haloes means to experience stronger tidal forces and presum-
ably also stronger interaction with the intracluster medium, leading
to an earlier and more efficient transformation of the morphological
properties and quenching of the star formation activity (Smith et al.
2008, 2012d).
Early-type dwarf galaxies also show a morphology-distance
relation of their own subtypes (Lisker et al. 2007), as well as
8 At a clustercentric distance of 0.5 Mpc, the density of the Virgo in-
tracluster medium as modeled by Vollmer (2009) provides a ram pres-
sure of 10−11.8 Nm−2. We select Virgo early-type dwarf galaxies with
Mr < −17mag and projected axis ratio above 0.85, and use ugriz-
photometry to approximate their stellar surface mass density (based on
Hansson et al. 2012) at one exponential scale length. When assuming a gas
surface density of one tenth of the stellar surface density and a relative ve-
locity of 1000 km/s, we obtain estimates for the restoring force per unit area
between 10−12.2 and 10−10.0 Nm−2.
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a dependency of the colour-magnitude relation on local density
(Lisker et al. 2008). Those early-type dwarfs with signatures of
disks and/or without a bright stellar nucleus are preferentially found
outside of the cluster core. These also exhibit younger ages of
their stellar populations, deduced from stronger Balmer absorp-
tion lines (Paudel et al. 2010a for the Virgo cluster), from nar-
rowband Stro¨mgren photometry (Rakos & Schombert 2004 for the
Coma and Fornax clusters), and from ultraviolet−optical colours
(Kim et al. 2010 for Virgo). Accordingly, Smith et al. (2008) found
that red-sequence dwarf galaxies in the Coma cluster outskirts
show stronger Balmer lines than those in the center. This can
be understood in the light of our analysis: even within a given
subpopulation, a radial trend exists for mass loss and for the
time spent in massive haloes9 (Fig. 6; cf. Smith et al. 2006 and
von der Linden et al. 2010 for bright galaxies).
On the other hand, the various structural subgroups of Virgo
early-type dwarfs that were identified in the comprehensive near-
infrared study of Janz et al. (2013) do not exhibit clear trends with
respect to clustercentric distance. Rys´ et al. (2012) point out that
the individual histories of the galaxies should lead to a significant
spread in their characteristics at a given distance from the clus-
ter center. This is in line with the substantial scatter in subhalo
mass loss and time spent in massive haloes when considering the
combined population of dwarf elliptical analogues and intermedi-
ate types (Fig. 6).
After it had become clear that a major fraction of early-
type dwarf galaxies exhibit significant rotational velocities
(Simien & Prugniel 2002; Chilingarian 2009), Toloba et al. (2009)
reported a tendency for them to show increasing rotational support
with increasing distance from the Virgo cluster center. While this
would seem complementary to the above trends of morphology and
stellar populations, the kinematical diversity of early-type dwarf
galaxies is large (Rys´ et al. 2012) and published samples are still
incomplete. Again, a significant scatter is expected from our anal-
ysis, since clustercentric distance cannot be directly translated into
the specific history of a subhalo.
Those early-type dwarf galaxies that reside in cluster cores
have experienced high-density environments already at early
epochs (Fig. 8). For them, more intense early star formation could
have caused the larger fraction of stellar mass in the form of
globular clusters (Moore et al. 2006; Peng et al. 2008) as com-
pared to galaxies in today’s cluster outskirts or even the field
(Sa´nchez-Janssen & Aguerri 2012). Interestingly, the fraction of
early-type dwarfs with bright stellar nuclei that exceed typical glob-
ular cluster luminosities (Coˆte´ et al. 2006) is also much larger in
the cluster center (Ferguson & Sandage 1989; Lisker et al. 2007).
We can thus speculate that the efficient early formation of globular
clusters (and possibly ultra-compact dwarf galaxies, Mieske et al.
2012) in those regions was paralleled by an efficient formation of
such stellar nuclei. This shows that, on top of the subhalo distri-
bution and evolution, it is necessary to take into account the envi-
ronmental and time dependence of baryonic processes to obtain a
consistent picture of the formation of today’s dwarf galaxies.
9 We note that this trend arises as a direct consequence of mapping mass
loss to morphological type, since the anticorrelation of mass loss with clus-
tercentric distance is stronger than with morphological type.
5.3 The dwarf galaxy population in a ΛCDM universe
From their analysis of the dwarf galaxy population in nearby clus-
ters, Sa´nchez-Janssen et al. (2008) concluded that the red dwarfs
in the central cluster regions could be related to the population of
blue dwarf galaxies observed in high-redshift clusters. However,
at the brighter dwarf magnitudes, the red sequence was even re-
ported to be established and well populated in clusters up to red-
shift z 6 1.3 (Andreon 2006, 2008). Many of the red-sequence
galaxies in cluster cores experienced environmental effects already
at high redshifts (Figs. 7 & 8) and entered the cluster halo very
early (De Lucia et al. 2012b; Smith et al. 2012d).
On the other hand, clusters grow by accretion of field and
group galaxies (cf. Adami et al. 2005). Out of the 7673 model
dwarf galaxies that are FoF members of the 15 most massive
Millennium-II clusters at redshift zero, two thirds (66.9%) joined
their present-day cluster halo at redshifts z < 1, and still more than
one third (36.4%) joined at redshifts z < 0.5 (see also Smith et al.
2009). The majority of galaxies (57.2%) were accreted as satellites
of a group or cluster (also see McGee et al. 2009, De Lucia et al.
2012b, and Smith et al. 2012d). Environmental effects on galax-
ies in groups before cluster accretion – so-called pre-processing –
are therefore expected to be of high relevance, as was noted also
by De Lucia et al. (2012b). Villalobos et al. (2012) showed from
simulations that stellar disks can indeed be significantly affected
(thickened, heated, shrunk) by a group tidal field after several gi-
gayears (also see Mayer et al. 2001), once the bound dark matter
fraction drops below ∼30% of its initial value. Even when only
few percent of the stellar mass are lost, significant disk thickening
(>50%) can occur for galaxies with low mass and/or high orbital
eccentricities.
McGee et al. (2011) found that groups do not only contain
a larger fraction of passive galaxies than the field, but that this
fraction is larger for galaxies of lower mass and has grown over
time, supporting the notion of continuous environmental influ-
ence on dwarf galaxies in groups.10 Furthermore, evidence for
the relevance of the large-scale environment is given by the find-
ings of Lietzen et al. (2012) that groups of equal richness have a
higher fraction of elliptical galaxies when they reside in superclus-
ter environments. Therefore, the fact that massive galaxy clusters
contain, on average, a larger fraction of dwarf elliptical galaxies
than groups (e.g. Tully & Trentham 2008) should not only be as-
cribed to stronger environmental effects inside the cluster (also see
Bahe´ et al. 2013). Instead, the galaxy content of accreted groups
had probably evolved further than that of groups in lower-density
environments, which survived until today.
When using our analysis of subhalo histories to interpret
galaxy populations, we also need to consider that the baryonic
structure at early epochs was different than in late-type galax-
ies today. At z > 2, when part of the progenitors of today’s
dwarf ellipticals already experienced strong mass loss of their
subhaloes (Fig. 8), the disk component may not yet have had
completed its formation (Governato et al. 2010). At redshifts
z
∼
> 1, many star-forming galaxies had a clumpy appearance
(Elmegreen et al. 2004) and likely represented an early phase
of the spiral galaxy formation process (Bournaud et al. 2007;
Elmegreen et al. 2009). These aspects would also be relevant for
simulations of early interactions of gas-rich galaxies that yield
tidal dwarf galaxies (Dabringhausen & Kroupa 2013), which may
10 We note that, for galaxies with luminosities equal or larger than 0.3L∗ ,
Berrier et al. (2009) concluded that pre-processing is of minor importance.
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constitute a relevant part of the observed dwarf galaxy population
(Kroupa 2012). After their stellar structure had developed, dwarf
galaxies rarely experienced a major merger (De Lucia et al.
2012a). Of the model galaxies in our SAM-V sample, only 3.1%
have experienced at least one major merger since z = 1 (5.3%
since z = 2).11 Major mergers thus only had a small contribu-
tion to the structural appearance of dwarf galaxies in clusters today.
Resulting from the interplay of various processes integrated
over cosmic time, the present-day galaxy populations can be de-
scribed by the classification scheme of van den Bergh (1976) and
Kormendy & Bender (2012). This scheme groups lenticular and
early-type dwarf galaxies into a parallel sequence to spiral and
irregular galaxies. Given our analysis and the above considera-
tions, today’s early-type dwarf galaxies have not only experienced
stronger subhalo mass loss than today’s late-type galaxies of the
same cluster, but have also resided in different environments for
a large part of their lifetime. Therefore, the two parallel classi-
fication sequences do not mean that the progenitor of a present-
day early-type galaxy looked like a present-day late-type galaxy.
Instead, the early-type sequence is most likely a consequence of
stronger halo clustering and stronger influence of various envi-
ronments over many gigayears — described as “history bias” by
De Lucia et al. (2012b). The progenitors of the late-type sequence
probably formed under different conditions, evolved at a different
pace, and remained largely undisturbed by external influence. Late-
type galaxies that are currently falling into massive clusters may
thus not be good representations of the real progenitors of dwarf
elliptical galaxies.
6 CONCLUSIONS
We investigated the history of the present-day dwarf galaxy popu-
lation in clusters from the perspective of the Millennium-II ΛCDM
cosmological simulation and the Guo et al. (2011) semi-analytic
galaxy model. In cases where a dark matter subhalo in the simu-
lation did not lose a substantial amount of its mass over time, we
can assume that the stars and gas were not affected noticeably by
tidal forces, and consequently we identify these cases with late-
type galaxies. Only in cases with strong subhalo mass loss can
we assume that the baryonic configuration of the galaxy has also
been affected significantly. These cases are identified with ellipti-
cal galaxies, subsuming dwarf ellipticals and low-luminosity ellip-
ticals. Assigning galaxy types to subhalo populations in this way
leads to a morphology-distance relation very similar to what is ob-
served in the Virgo and Coma clusters.
We find that the median subhalo mass loss decreases more
steeply with clustercentric distance than the observed elliptical
fraction, and therefore also steeper than the increase of the late-type
fraction. This can be resolved when assuming that ellipticals in the
cluster core experienced even stronger environmental effects than
ellipticals in the outskirts; the same applies to the intermediate-type
and late-type galaxies. However, the properties of different model
clusters and their projections show significant scatter, which could
alleviate the differences.
11 When subdividing them into early, intermediate and late types by the
time spent in massive haloes, as in Fig. 5, the fractions are 0.5% (2.1%) for
early types, 2.4% (5.8%) for intermediate types, and 5.9% (8.2%) for late
types. These numbers increase only mildly when restricting our sample to
the brightest dwarfs (−19.0 < Mr < −18.0mag).
The above statements also hold when using the time that sub-
haloes have spent in massive clusters, instead of their mass loss.
Similar conclusions have been drawn based on infall time into a
massive halo (De Lucia et al. 2012b; Smith et al. 2012d). While we
argue that subhalo mass loss is more directly related to the tidal in-
fluence on the baryonic galaxy, we also note that the cosmological
simulation is limited in its particle resolution of subhaloes, and can
therefore only provide approximate values.
Our study shows that the majority of present-day dwarf ellipti-
cals have already experienced strong mass loss of their subhaloes at
high redshifts (z > 1). They have accordingly spent most of their
lifetime in massive haloes (M > 1012M⊙/h). This emphasizes
the importance of environmental effects that acted in galaxy groups
and “pre-processed” the galaxies before they entered the cluster.
Dwarf ellipticals were thus not formed recently, but are likely a
product of early and continuous environmental influence. We argue
that this does not contradict small fractions of young stellar popu-
lations in these galaxies. The central gravitational potential of the
brighter early-type dwarfs is sufficiently deep to shield gas from
being stripped.
Over their lifetime, present-day late-type galaxies have expe-
rienced an amount of environmental influence that is comparable to
what the progenitors of dwarf elliptical galaxies had already expe-
rienced at redshifts z > 2. In fact, there is no redshift at which the
distributions of subhalo mass loss of today’s late types and high-
redshift progenitors of dwarf ellipticals agree. This reflects the fact
that they evolved in different local and large-scale environments.
Simulations aiming at reproducing the formation of dwarf elliptical
galaxies would therefore need to take into account the environmen-
tal characteristics of (proto-)clusters and groups at high redshift, as
well as the fact that the progenitor galaxies themselves were at a
much earlier stage of their evolution.
ACKNOWLEDGMENTS
TL would like to thank Philip Saur for discussions around cluster
histories, Sanjaya Paudel for useful suggestions, as well as Gert
Bange for inspiration while preparing this manuscript. We thank
the referee for helpful comments.
TL, JJ, and HTM were supported within the framework of the
Excellence Initiative by the German Research Foundation (DFG)
through the Heidelberg Graduate School of Fundamental Physics
(grant number GSC 129/1). SW acknowledges funding from ERC
grant HIGHZ no. 227749. JJ acknowledges the financial support
by the Gottlieb Daimler and Karl Benz Foundation, the University
of Oulu, and the Academy of Finland. HTM was supported by the
DFG through grant LI 1801/2-1.
The Millennium-II Simulation databases used in this paper
and the web application providing online access to them were con-
structed as part of the activities of the German Astrophysical Vir-
tual Observatory.
Funding for the SDSS and SDSS-II has been provided by
the Alfred P. Sloan Foundation, the Participating Institutions, the
National Science Foundation, the U.S. Department of Energy,
the National Aeronautics and Space Administration, the Japanese
Monbukagakusho, the Max Planck Society, and the Higher Ed-
ucation Funding Council for England. The SDSS Web Site is
http://www.sdss.org/. The SDSS is managed by the As-
trophysical Research Consortium for the Participating Institutions.
The Participating Institutions are the American Museum of Natu-
ral History, Astrophysical Institute Potsdam, University of Basel,
c© 2013 RAS, MNRAS 000, 1–17
History of cluster dwarf galaxy populations 15
University of Cambridge, Case Western Reserve University, Uni-
versity of Chicago, Drexel University, Fermilab, the Institute for
Advanced Study, the Japan Participation Group, Johns Hopkins
University, the Joint Institute for Nuclear Astrophysics, the Kavli
Institute for Particle Astrophysics and Cosmology, the Korean Sci-
entist Group, the Chinese Academy of Sciences (LAMOST), Los
Alamos National Laboratory, the Max-Planck-Institute for Astron-
omy (MPIA), the Max-Planck-Institute for Astrophysics (MPA),
New Mexico State University, Ohio State University, University
of Pittsburgh, University of Portsmouth, Princeton University, the
United States Naval Observatory, and the University of Washing-
ton.
This research has made use of the VizieR catalogue ac-
cess tool, CDS, Strasbourg, France, of NASA’s Astrophysics
Data System Bibliographic Services, of the NASA/IPAC Extra-
galactic Database (NED) which is operated by the Jet Propul-
sion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administra-
tion, and of the “K-corrections calculator” service available at
http://kcor.sai.msu.ru/.
REFERENCES
Abazajian K. N., Adelman-McCarthy J. K., Agu¨eros M. A., Allam S. S.,
Allende Prieto C., An D., Anderson K. S. J., Anderson S. F. et al., 2009,
ApJS, 182, 543
Adami C., Biviano A., Durret F., Mazure A., 2005, A&A, 443, 17
Adelman-McCarthy J. K., Agu¨eros M. A., Allam S. S., Anderson K. S. J.,
Anderson S. F., Annis J., Bahcall N. A., Baldry I. K. et al., 2007, ApJS,
172, 634
Aguerri J. A. L., Gonza´lez-Garcı´a A. C., 2009, A&A, 494, 891
Andreon S., 2006, MNRAS, 369, 969
—, 2008, MNRAS, 386, 1045
Bahe´ Y. M., McCarthy I. G., Balogh M. L., Font A. S., 2013, MNRAS,
804
Barazza F. D., Wolf C., Gray M. E., Jogee S., Balogh M., McIntosh D. H.,
Bacon D., Barden M. et al., 2009, A&A, 508, 665
Berrier J. C., Stewart K. R., Bullock J. S., Purcell C. W., Barton E. J.,
Wechsler R. H., 2009, ApJ, 690, 1292
Binggeli B., Cameron L. M., 1991, A&A, 252, 27
Binggeli B., Popescu C. C., Tammann G. A., 1993, A&AS, 98, 275
Binggeli B., Sandage A., Tammann G. A., 1985, AJ, 90, 1681
Binggeli B., Tammann G. A., Sandage A., 1987, AJ, 94, 251
Biviano A., Poggianti B. M., 2009, A&A, 501, 419
Blakeslee J. P., Jorda´n A., Mei S., Coˆte´ P., Ferrarese L., Infante L., Peng
E. W., Tonry J. L., West M. J., 2009, ApJ, 694, 556
Bo¨hringer H., Briel U. G., Schwarz R. A., Voges W., Hartner G., Tru¨mper
J., 1994, Nature, 368, 828
Book L. G., Benson A. J., 2010, ApJ, 716, 810
Bo¨sch B., Bo¨hm A., Wolf C., Arago´n-Salamanca A., Barden M., Gray
M. E., Ziegler B. L., Schindler S., Balogh M., 2013, A&A, 549, A142
Boselli A., Boissier S., Cortese L., Gavazzi G., 2008a, ApJ, 674, 742
—, 2008b, A&A, 489, 1015
Boselli A., Boissier S., Heinis S., Cortese L., Ilbert O., Hughes T., Cucciati
O., Davies J. et al., 2011, A&A, 528, 107
Bournaud F., Elmegreen B. G., Elmegreen D. M., 2007, ApJ, 670, 237
Bower R. G., Benson A. J., Malbon R., Helly J. C., Frenk C. S., Baugh
C. M., Cole S., Lacey C. G., 2006, MNRAS, 370, 645
Boylan-Kolchin M., Springel V., White S. D. M., Jenkins A., Lemson G.,
2009, MNRAS, 398, 1150
Bru¨ggen M., De Lucia G., 2008, MNRAS, 383, 1336
Bruzual G., Charlot S., 2003, MNRAS, 344, 1000
Carter D., Goudfrooij P., Mobasher B., Ferguson H. C., Puzia T. H.,
Aguerri A. L., Balcells M., Batcheldor D. et al., 2008, ApJS, 176, 424
Chilingarian I. V., 2009, MNRAS, 394, 1229
Chilingarian I. V., Melchior A.-L., Zolotukhin I. Y., 2010, MNRAS, 405,
1409
Cole S., Lacey C. G., Baugh C. M., Frenk C. S., 2000, MNRAS, 319, 168
Coˆte´ P., Ferrarese L., Jorda´n A., Blakeslee J. P., Chen C.-W., Infante L.,
Merritt D., Mei S., Peng E. W., Tonry J. L., West A. A., West M. J., 2007,
ApJ, 671, 1456
Coˆte´ P., Piatek S., Ferrarese L., Jorda´n A., Merritt D., Peng E. W., Has¸egan
M., Blakeslee J. P., Mei S., West M. J., Milosavljevic´ M., Tonry J. L.,
2006, ApJS, 165, 57
Dabringhausen J., Kroupa P., 2013, MNRAS in press, arXiv:1211.1382
Davis M., Efstathiou G., Frenk C. S., White S. D. M., 1985, ApJ, 292, 371
de Blok W. J. G., Walter F., Brinks E., Trachternach C., Oh S.-H., Kenni-
cutt Jr. R. C., 2008, AJ, 136, 2648
De Looze I., Baes M., Zibetti S., Fritz J., Cortese L., Davies J. I., Verstap-
pen J., Bendo G. J. et al., 2010, A&A, 518, L54
De Lucia G., Blaizot J., 2007, MNRAS, 375, 2
De Lucia G., Fontanot F., Wilman D., 2012a, MNRAS, 419, 1324
De Lucia G., Weinmann S., Poggianti B. M., Arago´n-Salamanca A., Zarit-
sky D., 2012b, MNRAS, 423, 1277
De Rijcke S., Penny S. J., Conselice C. J., Valcke S., Held E. V., 2009,
MNRAS, 393, 798
De Rijcke S., Van Hese E., Buyle P., 2010, ApJ, 724, L171
di Serego Alighieri S., Gavazzi G., Giovanardi C., Giovanelli R., Grossi
M., Haynes M. P., Kent B. R., Koopmann R. A., Pellegrini S., Scodeggio
M., Trinchieri G., 2007, A&A, 474, 851
Dressler A., 1980, ApJ, 236, 351
Elmegreen B. G., Elmegreen D. M., Fernandez M. X., Lemonias J. J.,
2009, ApJ, 692, 12
Elmegreen D. M., Elmegreen B. G., Hirst A. C., 2004, ApJ, 604, L21
Eyles C. J., Watt M. P., Bertram D., Church M. J., Ponman T. J., Skinner
G. K., Willmore A. P., 1991, ApJ, 376, 23
Ferguson H. C., Sandage A., 1989, ApJ, 346, L53
Ferrarese L., Coˆte´ P., Cuillandre J.-C., Gwyn S. D. J., Peng E. W.,
MacArthur L. A., Duc P.-A., Boselli A. et al., 2012, ApJS, 200, 4
Ferrarese L., Coˆte´ P., Jorda´n A., Peng E. W., Blakeslee J. P., Piatek S., Mei
S., Merritt D., Milosavljevic´ M., Tonry J. L., West M. J., 2006, ApJS,
164, 334
Font A. S., Benson A. J., Bower R. G., Frenk C. S., Cooper A., De Lucia
G., Helly J. C., Helmi A., Li Y.-S., McCarthy I. G., Navarro J. F., Springel
V., Starkenburg E., Wang J., White S. D. M., 2011, MNRAS, 417, 1260
Gavazzi G., Boselli A., Scodeggio M., Pierini D., Belsole E., 1999, MN-
RAS, 304, 595
Gavazzi G., Fumagalli M., Cucciati O., Boselli A., 2010, A&A, 517, A73
Geha M., Guhathakurta P., van der Marel R. P., 2003, AJ, 126, 1794
Glass L., Ferrarese L., Coˆte´ P., Jorda´n A., Peng E., Blakeslee J. P., Chen
C.-W., Infante L., Mei S., Tonry J. L., West M. J., 2011, ApJ, 726, 31
Gnedin O. Y., 2003b, ApJ, 589, 752
—, 2003a, ApJ, 582, 141
Goto T., 2005, MNRAS, 359, 1415
Gott III J. R., Juric´ M., Schlegel D., Hoyle F., Vogeley M., Tegmark M.,
Bahcall N., Brinkmann J., 2005, ApJ, 624, 463
Governato F., Brook C., Mayer L., Brooks A., Rhee G., Wadsley J., Jons-
son P., Willman B., Stinson G., Quinn T., Madau P., 2010, Nature, 463,
203
Graham A. W., 2011, arXiv:1108.0997
Graham A. W., Guzma´n R., 2003, AJ, 125, 2936
Graham A. W., Worley C. C., 2008, MNRAS, 388, 1708
Gunn J. E., Gott III J. R., 1972, ApJ, 176, 1
Guo Q., White S., Boylan-Kolchin M., De Lucia G., Kauffmann G., Lem-
son G., Li C., Springel V., Weinmann S., 2011, MNRAS, 413, 101
Hallenbeck G., Papastergis E., Huang S., Haynes M. P., Giovanelli R.,
Boselli A., Boissier S., Heinis S., Cortese L., Fabello S., 2012, AJ, 144,
87
Hammer D., Verdoes Kleijn G., Hoyos C., den Brok M., Balcells M., Fer-
guson H. C., Goudfrooij P., Carter D. et al., 2010, ApJS, 191, 143
Hansson K. S. A., Lisker T., Grebel E. K., 2012, MNRAS, 427, 2376
Helmi A., Sales L. V., Starkenburg E., Starkenburg T. K., Vera-Ciro C. A.,
De Lucia G., Li Y.-S., 2012, ApJ, 758, L5
c© 2013 RAS, MNRAS 000, 1–17
16 T. Lisker et al.
Helsdon S. F., Ponman T. J., 2000, MNRAS, 319, 933
Janz J., Laurikainen E., Lisker T., Salo H., Peletier R. F., Niemi S.-M.,
den Brok M., Toloba E., Falco´n-Barroso J., Boselli A., Hensler G., 2012,
ApJ, 745, L24
Janz J., Laurikainen E., Lisker T., Salo H., Peletier R. F., Niemi S.-M.,
Toloba E., Hensler G., Falco´n-Barroso J., Boselli A., den Brok M., Hans-
son K. S. A., Meyer H. T., Rys´ A., Paudel S., 2013, Submitted to ApJS
Janz J., Lisker T., 2008, ApJ, 689, L25
—, 2009, ApJ, 696, L102
Jerjen H., Binggeli B., 1997, in Astronomical Society of the Pacific Con-
ference Series, Vol. 116, The Nature of Elliptical Galaxies; 2nd Stromlo
Symposium, Arnaboldi M., Da Costa G. S., Saha P., eds., p. 239
Jerjen H., Tammann G. A., 1997, A&A, 321, 713
Kauffmann G., White S. D. M., Guiderdoni B., 1993, MNRAS, 264, 201
Kautsch S. J., Grebel E. K., Barazza F. D., Gallagher III J. S., 2006, A&A,
445, 765
Kim S., Rey S.-C., Lisker T., Sohn S. T., 2010, ApJ, 721, L72
Klypin A. A., Trujillo-Gomez S., Primack J., 2011, ApJ, 740, 102
Koleva M., Prugniel P., de Rijcke S., Zeilinger W. W., 2011, MNRAS,
417, 1643
Kormendy J., Bender R., 2012, ApJS, 198, 2
Kormendy J., Fisher D. B., Cornell M. E., Bender R., 2009, ApJS, 182,
216
Kroupa P., 2012, PASA, 29, 395
Lemson G., The Virgo Consortium, 2006, arXiv:astro-ph/0608019
Lieder S., Lisker T., Hilker M., Misgeld I., Durrell P., 2012, A&A, 538,
A69
Lietzen H., Tempel E., Heina¨ma¨ki P., Nurmi P., Einasto M., Saar E., 2012,
A&A, 545, A104
Lisker T., Glatt K., Westera P., Grebel E. K., 2006, AJ, 132, 2432
Lisker T., Grebel E. K., Binggeli B., 2008, AJ, 135, 380
Lisker T., Grebel E. K., Binggeli B., Glatt K., 2007, ApJ, 660, 1186
Lisker T., Janz J., Hensler G., Kim S., Rey S.-C., Weinmann S., Mastropi-
etro C., Hielscher O., Paudel S., Kotulla R., 2009, ApJ, 706, L124
Łokas E. L., Mamon G. A., 2003, MNRAS, 343, 401
Maccio` A. V., Kang X., Fontanot F., Somerville R. S., Koposov S.,
Monaco P., 2010, MNRAS, 402, 1995
Mahajan S., Haines C. P., Raychaudhury S., 2011, MNRAS, 7
Mahajan S., Raychaudhury S., Pimbblet K. A., 2012, MNRAS, 427, 1252
Mastropietro C., Moore B., Mayer L., Debattista V. P., Piffaretti R., Stadel
J., 2005, MNRAS, 364, 607
Mayer L., Governato F., Colpi M., Moore B., Quinn T., Wadsley J., Stadel
J., Lake G., 2001, ApJ, 547, L123
Mayer L., Mastropietro C., Wadsley J., Stadel J., Moore B., 2006, MN-
RAS, 369, 1021
McCarthy I. G., Frenk C. S., Font A. S., Lacey C. G., Bower R. G.,
Mitchell N. L., Balogh M. L., Theuns T., 2008, MNRAS, 383, 593
McDonald M., Courteau S., Tully R. B., 2009, MNRAS, 394, 2022
McGee S. L., Balogh M. L., Bower R. G., Font A. S., McCarthy I. G.,
2009, MNRAS, 400, 937
McGee S. L., Balogh M. L., Wilman D. J., Bower R. G., Mulchaey J. S.,
Parker L. C., Oemler A., 2011, MNRAS, 413, 996
McLaughlin D. E., 1999, ApJ, 512, L9
Mei S., Blakeslee J. P., Coˆte´ P., Tonry J. L., West M. J., Ferrarese L.,
Jorda´n A., Peng E. W., Anthony A., Merritt D., 2007, ApJ, 655, 144
Meyer H. T., Lisker T., Janz J., Papaderos P., 2013, Submitted to A&A
Michard R., Andreon S., 2008, A&A, 490, 923
Michielsen D., Boselli A., Conselice C. J., Toloba E., Whiley I. M.,
Arago´n-Salamanca A., Balcells M., Cardiel N., Cenarro A. J., Gorgas
J., Peletier R. F., Vazdekis A., 2008, MNRAS, 385, 1374
Mieske S., Hilker M., Misgeld I., 2012, A&A, 537, A3
Mohr J. J., Mathiesen B., Evrard A. E., 1999, ApJ, 517, 627
Moore B., Diemand J., Madau P., Zemp M., Stadel J., 2006, MNRAS, 368,
563
Moore B., Katz N., Lake G., Dressler A., Oemler A., 1996, Nature, 379,
613
Moore B., Lake G., Katz N., 1998, ApJ, 495, 139
Moore B., Lake G., Quinn T., Stadel J., 1999, MNRAS, 304, 465
Mori M., Burkert A., 2000, ApJ, 538, 559
Osmond J. P. F., Ponman T. J., 2004, MNRAS, 350, 1511
Papaderos P., Loose H.-H., Fricke K. J., Thuan T. X., 1996, A&A, 314, 59
Pasquali A., Gallazzi A., Fontanot F., van den Bosch F. C., De Lucia G.,
Mo H. J., Yang X., 2010, MNRAS, 407, 937
Paudel S., Lisker T., Kuntschner H., 2011, MNRAS, 255
Paudel S., Lisker T., Kuntschner H., Grebel E. K., Glatt K., 2010a, MN-
RAS, 405, 800
Peng E. W., Jorda´n A., Coˆte´ P., Takamiya M., West M. J., Blakeslee J. P.,
Chen C., Ferrarese L., Mei S., Tonry J. L., West A. A., 2008, ApJ, 681,
197
Penny S. J., Conselice C. J., de Rijcke S., Held E. V., 2009, MNRAS, 393,
1054
Rakos K., Schombert J., 2004, AJ, 127, 1502
Roediger J. C., Courteau S., MacArthur L. A., McDonald M., 2011, MN-
RAS, 416, 1996
Rys´ A., Falco´n-Barroso J., van de Ven G., 2012, MNRAS, 274
Sa´nchez-Janssen R., Aguerri J. A. L., 2012, MNRAS, 424, 2614
Sa´nchez-Janssen R., Aguerri J. A. L., Mun˜oz-Tun˜o´n C., 2008, ApJ, 679,
L77
Sandage A., Binggeli B., 1984, AJ, 89, 919
Schindler S., Binggeli B., Bo¨hringer H., 1999, A&A, 343, 420
Schlegel D. J., Finkbeiner D. P., Davis M., 1998, ApJ, 500, 525
Schroyen J., de Rijcke S., Valcke S., Cloet-Osselaer A., Dejonghe H.,
2011, MNRAS, 416, 601
Simien F., Prugniel P., 2002, A&A, 384, 371
Simionescu A., Allen S. W., Mantz A., Werner N., Takei Y., Morris R. G.,
Fabian A. C., Sanders J. S., Nulsen P. E. J., George M. R., Taylor G. B.,
2011, Science, 331, 1576
Smith R., Davies J. I., Nelson A. H., 2010, MNRAS, 619
Smith R., Fellhauer M., Assmann P., 2012a, MNRAS, 420, 1990
Smith R., Sa´nchez-Janssen R., Fellhauer M., Puzia T. H., Aguerri J. A. L.,
Farias J. P., 2012b, MNRAS, 320
Smith R. J., Hudson M. J., Lucey J. R., Nelan J. E., Wegner G. A., 2006,
MNRAS, 369, 1419
Smith R. J., Lucey J. R., Carter D., 2012c, MNRAS, 421, 2982
Smith R. J., Lucey J. R., Hudson M. J., Allanson S. P., Bridges T. J., Horn-
schemeier A. E., Marzke R. O., Miller N. A., 2009, MNRAS, 392, 1265
Smith R. J., Lucey J. R., Price J., Hudson M. J., Phillipps S., 2012d, MN-
RAS, 419, 3167
Smith R. J., Marzke R. O., Hornschemeier A. E., Bridges T. J., Hudson
M. J., Miller N. A., Lucey J. R., Va´zquez G. A., Carter D., 2008, MN-
RAS, 386, L96
Spergel D. N., Verde L., Peiris H. V., Komatsu E., Nolta M. R., Bennett
C. L., Halpern M., Hinshaw G., Jarosik N., Kogut A., Limon M., Meyer
S. S., Page L., Tucker G. S., Weiland J. L., Wollack E., Wright E. L.,
2003, ApJS, 148, 175
Springel V., White S. D. M., Jenkins A., Frenk C. S., Yoshida N., Gao
L., Navarro J., Thacker R., Croton D., Helly J., Peacock J. A., Cole S.,
Thomas P., Couchman H., Evrard A., Colberg J., Pearce F., 2005, Nature,
435, 629
Springel V., White S. D. M., Tormen G., Kauffmann G., 2001, MNRAS,
328, 726
Struble M. F., Rood H. J., 1999, ApJS, 125, 35
Toloba E., Boselli A., Cenarro A. J., Peletier R. F., Gorgas J., Gil de Paz
A., Mun˜oz-Mateos J. C., 2011, A&A, 526, 114
Toloba E., Boselli A., Gorgas J., Peletier R. F., Cenarro A. J., Gadotti
D. A., Gil de Paz A., Pedraz S., Yildiz U., 2009, ApJ, 707, L17
Trentham N., Tully R. B., 2002, MNRAS, 335, 712
Tully R. B., Trentham N., 2008, AJ, 135, 1488
Urban O., Werner N., Simionescu A., Allen S. W., Bo¨hringer H., 2011,
MNRAS, 414, 2101
van den Bergh S., 1976, ApJ, 206, 883
van Zee L., 2001, AJ, 121, 2003
van Zee L., Barton E. J., Skillman E. D., 2004a, AJ, 128, 2797
Villalobos ´A., ., De Lucia G., Borgani S., Murante G., 2012, MNRAS,
424, 2401
Vollmer B., 2009, A&A, 502, 427
c© 2013 RAS, MNRAS 000, 1–17
History of cluster dwarf galaxy populations 17
von der Linden A., Wild V., Kauffmann G., White S. D. M., Weinmann
S., 2010, MNRAS, 404, 1231
Weinmann S. M., Kauffmann G., von der Linden A., De Lucia G., 2010,
MNRAS, 406, 2249
Weinmann S. M., Lisker T., Guo Q., Meyer H. T., Janz J., 2011, MNRAS,
416, 1197
Weinmann S. M., Pasquali A., Oppenheimer B. D., Finlator K., Mendel
J. T., Crain R. A., Maccio` A. V., 2012, MNRAS, 426, 2797
c© 2013 RAS, MNRAS 000, 1–17
